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Abstract 
Herpes simplex virus type 1 (HSV-1) is a common human pathogen that establishes 
life-long latent infection in sensory neurones. This makes it potentially useful as a 
gene therapy vector to target neuronal cells. HSV-1 enters cells by membrane fusion, 
the viral envelope and most tegument proteins dissociate, and the capsid is transported 
to the cell nucleus to establish infection. There is increasing evidence that the 
retrograde transport of HSV-1 along sensory axons is mediated by cytoplasmic 
dynein, but the viral and cellular proteins involved are not known. Cytoplasmic dynein 
is the major molecular motor involved in minus-end-directed cellular transport along 
microtubules. It is a large complex molecule, with heavy chains providing motility, 
while intermediate and light chains are involved in specific cargo binding. 
A library of HSV-1 capsid and tegument structural genes was constructed and tested 
for interaction with dynein subunits in a yeast two-hybrid system. A strong interaction 
was demonstrated between the HSV-1 outer capsid protein VP26 (UL35), as well as 
the tegument protein VP11/12 (UL46), with the homologous 14 kDa dynein light 
chains rp3 and Tctex1. In vitro pull-down assays confirmed binding of VP26 to rp3, 
Tctex1 and cytoplasmic dynein complexes. Recombinant HSV-1 capsids +/- VP26 
were used in similar pull-down assays. Only VP26+ capsids bound to rp3. 
Recombinant HSV-1 capsids were microinjected into living cells and incubated at 
37ºC. After 1 h capsids were observed to co-localise with rp3, Tctex1 and 
microtubules. After 2 or 4 h VP26+ capsids had moved closer to the cell nucleus, 
while VP26- capsids remained in a random distribution.  
Our results suggest that the HSV-1 outer capsid protein VP26 mediates binding of 
incoming capsids to the retrograde motor cytoplasmic dynein during cellular infection, 
iv 
through interactions with dynein light chains. It is hoped that these findings will help 
in the development of a synthetic viral vector, which may allow targeted gene therapy 
in patients with neurological diseases. 
v 
Acknowledgements 
I would like to acknowledge the following people for their contributions to the project: 
Dr. Russell Diefenbach, who as my supervisor was always patient, supportive and 
available to deal with problems as they arose. Without his friendship, skills in 
protein chemistry, knowledge of all things Macintosh and regular supply of coffee, 
this project would not have been possible. 
Prof. Tony Cunningham, my associate supervisor, who designed the original project, 
and was a continuing source of wisdom and inspiration. His critical thinking, broad 
perspective and contacts with overseas collaborators helped to direct the project. 
His constant enthusiasm maintained its momentum. 
Dr. Fred Homa, our collaborator at Pharmacia Corporation, who provided the 
recombinant HSV-1 capsids that were critical for the success of the project. 
 Dr. Frazer Rixon, our collaborator at the MRC Virology Unit in Glasgow, for 
providing me with the GFP-UL37 HSV-1 strain, as well as several antibodies. 
Frazer’s knowledge of HSV-1 capsid structure, protocols for solubilising VP26, 
and collaboration with various reagents were invaluable for the project. 
Valerio Vittone, my fellow PhD student, for providing several HSV-1 tegument 
protein constructs to test in the yeast two-hybrid system. Valerio’s protocols for 
amplifying and cloning HSV-1 proteins were extremely helpful. 
Dr. Monica Miranda-Saksena, for teaching me how to culture rat neurones and 
perform confocal microscopy, as well as for her friendship and support. 
Dr. Eve Diefenbach, for teaching me about the LexA yeast two-hybrid system, for help 
with mass spectrometry, and for her friendship and sense of humour. 
vi 
Dr. Karen Byth, statistician at Westmead Millennium Institute, for performing the 
statistical analysis of β-galactosidase activity (Chapter 4), and for analysing the 
intracellular movement of microinjected HSV-1 capsids (Chapter 7). 
Dr. David Holland, from the University of Auckland, for his insights on the two-
chamber neuronal model, and for helpful discussions about the project as a whole. 
Nina Clifford, from Eppendorf, for her help with microinjection techniques. 
Jacqueline Mills, at Children’s Hospital Westmead, for her help with the confocal 
microscope. 
Dr. Mark Wheeler and Ilya Henner, Westmead DNA, for sequencing my DNA clones. 
Chrissie Jenkins, “DB”, for her help with the diagram of cytoplasmic dynein structure. 
Dr. Oliver Bernhard, for his help with proteins, mass spectrometry, and his friendship. 
Dr. Josh Stern, for his friendship, support, and for our many philosophical discussions. 
Vicki, Gavin, Chantelle, Debbie, Damian, Andrew, John, Kerrie, Min, Allen, Cheryl, 
Ingrid, Bibing, Hiro, Lidija, Selmir, Judy, Lisa, Josh, Barry, Alison, Nitin, Bin, 
Claire, Brenda, Glenn, and others at WMI for their friendship, support and help 
along the way. 
Last, but definitely not least, I wish to acknowledge my wife Monique for her love and 
support throughout my PhD. Without her, it would not have been possible. 
vii 
Table of Contents 
 
Title Page......................................................................................................................... i 
Preface ............................................................................................................................ ii 
Abstract..........................................................................................................................iii 
Acknowledgements ........................................................................................................ v 
Table of Contents..........................................................................................................vii 
List of Figures...............................................................................................................xii 
List of Tables ...............................................................................................................xiii 
Publications Arising from This Work ......................................................................... xiv 
Selected Presentations of This Work............................................................................ xv 
Prizes and Awards Relating to This Work ................................................................... xv 
List of Abbreviations ................................................................................................... xvi 
 
CHAPTER 1: INTRODUCTION...................................................................................1 
CHAPTER 2: LITERATURE REVIEW........................................................................6 
2.1 Herpes Simplex Virus Type 1..........................................................................7 
2.1.1 Epidemiology and Clinical Features of HSV-1 Infection ........................7 
2.1.2 Structure of the HSV-1 Virion..................................................................9 
2.1.2.1 Genome..........................................................................................9 
2.1.2.2 Nucleocapsid ...............................................................................11 
2.1.2.3 Tegument .....................................................................................14 
2.1.2.4 Envelope ......................................................................................16 
2.1.3 HSV-1 Replication Cycle .......................................................................17 
2.1.3.1 Virus Attachment and Cell Entry ................................................17 
2.1.3.2 Transport to the Nucleus and Release of Viral DNA ..................20 
2.1.3.3 HSV-1 Gene Expression and DNA Replication..........................21 
2.1.3.4 HSV-1 Capsid Assembly.............................................................22 
2.1.3.5 Packaging of Viral DNA .............................................................25 
2.1.3.6 Where Does HSV-1 Acquire its Lipid Envelope?.......................27 
2.1.3.7 HSV-1 Tegument Addition and Viral Egress..............................29 
2.2 Intracellular Transport Mechanisms ..............................................................34 
2.2.1 Kinesins ..................................................................................................36 
viii 
2.2.2 Cytoplasmic Dynein ...............................................................................40 
2.2.2.1 Dynein Heavy Chain ...................................................................42 
2.2.2.2 Dynein Intermediate Chains ........................................................42 
2.2.2.3 Dynein Light Intermediate Chains ..............................................45 
2.2.2.4 Dynein LC8 .................................................................................46 
2.2.2.5 14 kDa Dynein Light Chains (Tctex1, rp3) .................................47 
2.2.2.6 Lissencephaly and the Lis1 Protein .............................................49 
2.2.3 Dynactin..................................................................................................50 
2.2.3.1 Arp1-Spectrin Interactions ..........................................................52 
2.2.3.2 p150Glued-Microtubule Interactions..............................................52 
2.2.3.3 p150Glued-Dynein Interactions......................................................53 
2.2.3.4 p50 Dynamitin .............................................................................55 
2.2.4 Regulation of Anterograde and Retrograde Transport ...........................56 
2.3 Intracellular Transport of Viruses..................................................................59 
2.3.1 Retrograde Viral Transport.....................................................................60 
2.3.2 Retrograde Transport of HSV-1 .............................................................61 
2.3.3 Anterograde Viral Transport ..................................................................64 
2.4 Summary........................................................................................................67 
CHAPTER 3: GST-DYNEIN  PULL-DOWN ASSAYS.............................................69 
3.1 Introduction....................................................................................................70 
3.2 Materials and Methods...................................................................................72 
3.2.1 Dynein Expression Constructs................................................................72 
3.2.2 Expression of GST-tagged Fusion Proteins............................................74 
3.2.3 Preparation of HSV-1 Virus Stocks........................................................75 
3.2.4 Preparation of HSV-1 Cell Lysates ........................................................76 
3.2.5 Preparation of HSV-1 Virion Protein Fractions .....................................77 
3.2.6 In Vitro Pull-down Assays......................................................................78 
3.2.7 Analysis of Protein Complexes ..............................................................79 
3.2.8 Antibodies...............................................................................................80 
3.3 Results............................................................................................................82 
3.3.1 In Vitro Pull-down Binding Assays........................................................82 
3.3.2 HSV-1 Proteins Bind to DIC (aa 143-267) ............................................82 
3.3.3 Identification of HSV-1 Proteins Bound to DIC ....................................86 
ix 
3.3.4 Binding Experiments Using HSV-1 Virion Proteins..............................89 
3.3.5 Yeast Two Hybrid Analysis ...................................................................91 
3.4 Discussion ......................................................................................................93 
3.4.1 Summary.................................................................................................93 
3.4.2 Minimal Binding Region of DIC............................................................93 
3.4.3 Identification of HSV-1 Proteins Binding to DIC ..................................96 
3.4.4 Significance of Results ...........................................................................98 
CHAPTER 4: YEAST TWO-HYBRID SCREEN.....................................................103 
4.1 Introduction..................................................................................................104 
4.2 Materials and Methods.................................................................................107 
4.2.1 Expression Constructs ..........................................................................107 
4.2.2 Yeast Two-Hybrid Screen ....................................................................109 
4.2.3 Statistical Analysis ...............................................................................111 
4.3 Results..........................................................................................................112 
4.3.1 Cloning of HSV-1 Capsid and Tegument Genes..................................112 
4.3.2 VP26 and VP11/12 bind to rp3 and Tctex1..........................................115 
4.4 Discussion ....................................................................................................121 
CHAPTER 5: INTERACTIONS BETWEEN  VP26 AND DYNEIN IN VITRO .....123 
5.1 Introduction..................................................................................................124 
5.2 Materials and Methods.................................................................................125 
5.2.1 Expression Constructs ..........................................................................125 
5.2.2 Expression and Purification of His6-tagged Proteins ...........................125 
5.2.3 Preparation of Recombinant HSV-1 Capsids .......................................126 
5.2.4 Negative Staining of Recombinant Capsids .........................................127 
5.2.5 In Vitro Pull-down Assays....................................................................127 
5.2.6 Western Blots, Antibodies....................................................................128 
5.2.7 Software for Digital Images .................................................................129 
5.3 Results..........................................................................................................130 
5.3.1 His6-VP26 Binds to GST-rp3 and GST-Tctex1 In Vitro ......................130 
5.3.2 His6-VP26 Binds to Intact Dynein Complexes In Vitro .......................132 
5.3.3 Synthesis of Recombinant HSV-1 Capsids, +/- VP26 .........................133 
5.3.4 HSV-1 Capsids Containing VP26 Bind to GST-rp3 ............................133 
5.4 Discussion ....................................................................................................136 
x 
CHAPTER 6: DISSOCIATION OF HSV-1  TEGUMENT PROTEINS ..................138 
6.1 Introduction..................................................................................................139 
6.2 Materials and Methods.................................................................................141 
6.2.1 Construction of GFP-UL37 HSV-1 Virus (Rixon, F.J.).......................141 
6.2.2 Preparation of High Titre GFP-UL37 HSV-1 ......................................141 
6.2.3 Preparation and Infection of Neuronal Cells ........................................142 
6.2.4 Immunofluorescence and Confocal Microscopy..................................143 
6.2.5 Campenot Nerve Growth Chambers.....................................................144 
6.3 Results..........................................................................................................148 
6.3.1 Distribution of Tctex1 and rp3 in Neuronal Cells ................................148 
6.3.2 GFP-UL37 Dissociates from Incoming HSV-1 Capsids......................150 
6.3.3 Distribution of HSV-1 Capsid and Tegument Proteins ........................153 
6.4 Neuronal Two-Chamber Models .................................................................155 
6.4.1 Background to the Neuronal Two-Chamber Model .............................155 
6.4.2 Campenot Nerve Growth Chamber Model...........................................157 
6.4.3 Experience with Campenot Nerve Growth Chambers .........................159 
6.4.3.1 Silicone Grease ..........................................................................159 
6.4.3.2 Application of Silicone Grease to Teflon Dividers ...................160 
6.4.3.3 Media Viscosity.........................................................................160 
6.4.3.4 Collagen Coating of Coverslips.................................................161 
6.5 Discussion ....................................................................................................163 
CHAPTER 7: MICROINJECTION OF  HSV-1 CAPSIDS ......................................166 
7.1 Introduction..................................................................................................167 
7.2 Materials and Methods.................................................................................168 
7.2.1 Microinjection of Recombinant HSV-1 Capsids..................................168 
7.2.2 Immunofluorescence and Confocal Microscopy..................................169 
7.2.3 Measurement of Intracellular Distribution of Capsids .........................171 
7.2.4 Statistical Analysis ...............................................................................171 
7.3 Results..........................................................................................................173 
7.3.1 VP26+ Capsids Colocalise with rp3, Tctex1 and Microtubules...........173 
7.3.2 VP26+ Capsids are Transported Towards the Nucleus ........................175 
7.3.3 Quantitative Analysis of Capsid Migration ..........................................177 
7.4 Discussion ....................................................................................................179 
xi 
CHAPTER 8: FINAL DISCUSSION.........................................................................181 
8.1 Study Aims...................................................................................................182 
8.2 Significance of Findings ..............................................................................182 
8.3 Conclusions..................................................................................................187 
8.4 Future Directions .........................................................................................188 
CHAPTER 9: REFERENCES....................................................................................194 
APPENDICES:   EXTRA PROTOCOLS ..................................................................236 
Appendix 1 – Polymerase Chain Reaction (PCR)..................................................237 
Appendix 2 – Yeast Transformation Protocol........................................................238 
Appendix 3 – Odyssey™ Labelling Protocol.........................................................240 
 
xii 
List of Figures 
Figure 1. HSV-1 virions viewed by cryo-electron tomography. ..................................10 
Figure 2. Segmented surface rendering of a single virion tomogram after de-noising.10 
Figure 3. Structure of the HSV-1 capsid to a resolution of 8.5 Å. ...............................12 
Figure 4. Proposed pathway for in vitro assembly of the HSV-1 capsid. ....................23 
Figure 5. Egress pathway of HSV-1 nucleocapsids. ....................................................30 
Figure 6. Interactions of HSV-1 and PrV gene products in virion formation. .............33 
Figure 7. Diagrams of microtubule organisation in a variety of cell types. .................35 
Figure 8. Principles of kinesin and dynein diversification. ..........................................37 
Figure 9. Cytoplasmic dynein complex........................................................................41 
Figure 10. Domain organisation of dynein intermediate chain (DIC)..........................43 
Figure 11. Structure of dynactin. ..................................................................................51 
Figure 12. Working models for regulation of transport direction. ...............................57 
Figure 13. In vitro pull-down assay..............................................................................83 
Figure 14. HSV-1 proteins bind to DIC (aa 143-267). .................................................84 
Figure 15. Identification of HSV-1 proteins bound to DIC..........................................87 
Figure 16. Identification of HSV-1 proteins bound to DIC 143-267. ..........................88 
Figure 17. HSV-1 virion glycoproteins gD and gC bind to DIC..................................90 
Figure 18. The cytoplasmic tail of gD does not interact with dynein subunits. ...........92 
Figure 19. Binding regions of DIC. ..............................................................................94 
Figure 20. The LexA yeast two-hybrid system. ..........................................................106 
Figure 21. Expression of fusion constructs in the yeast two-hybrid system. .............114 
Figure 22. Yeast two-hybrid screen – examples.........................................................116 
Figure 23. VP26 and VP11/12 interact with dynein light chains rp3 and Tctex1......120 
Figure 24. His6-VP26 binds to GST-rp3 and GST-Tctex1 in vitro. ...........................131 
xiii 
Figure 25. His6-VP26 binds intact cytoplasmic dynein complexes in vitro. ..............132 
Figure 26. Composition of recombinant HSV-1 capsids, +/-VP26............................134 
Figure 27. VP26+, but not VP26- capsids bind GST-rp3 in vitro. .............................135 
Figure 28. Distribution of Tctex1 and rp3 in neuronal cells. .....................................149 
Figure 29. GFP-UL37 dissociates from HSV-1 capsids during cell entry. ................152 
Figure 30. Distribution of tegument proteins US11, VP16 and VP13/14. .................154 
Figure 31. Neuronal two-chamber model...................................................................156 
Figure 32. Campenot nerve growth chamber model. .................................................158 
Figure 33. HSV-1 capsids colocalise with Tctex1, rp3 and microtubules .................173 
Figure 34. VP26+, but not VP26- capsids move towards the cell nucleus.................175 
Figure 35. Movement of VP26+, but not VP26- capsids is statistically significant. .178 
Figure 36. Synthetic gene therapy vector, based on HSV-1 capsid. ..........................191 
 
List of Tables 
Table 1. Oligonucleotide Primers for PCR of Dynein and Dynactin Genes. ...............73 
Table 2. Oligonucleotide Primers for HSV-1 Gene Amplification ............................108 
Table 3. HSV-1 Capsid and Tegument Proteins.........................................................113 
Table 4. Yeast Two-Hybrid Screen: HSV-1 Proteins in Bait Plasmid.......................118 
Table 5. Yeast Two-Hybrid Screen: HSV-1 Proteins in Target Plasmid. ..................119 
 
 
xiv 
Publications Arising from This Work 
Douglas M.W., Diefenbach R.J., Homa F.L., Miranda-Saksena M., Rixon F.J., Vittone 
V., Byth K. and Cunningham A.L. (2004). Herpes Simplex Virus Type 1 Capsid 
Protein VP26 Interacts with Dynein Light Chains RP3 and Tctex1 and Plays a Role in 
Retrograde Cellular Transport. Journal of Biological Chemistry 279(27): 28522-
28530. 
Diefenbach R.J., Diefenbach E., Douglas M.W. and Cunningham A.L. (2004). The 
ribosome receptor, p180, interacts with kinesin heavy chain, KIF5B. Biochemical and 
Biophysical Research Communications 319(3): 987-992. 
Diefenbach R.J., Diefenbach E., Douglas M.W. and Cunningham A.L. (2002). The 
Heavy Chain of Conventional Kinesin Interacts with the SNARE Proteins SNAP25 
and SNAP23. Biochemistry 41(50): 14906-14915. 
Manuscripts in Preparation 
Vittone V., Douglas M.W., Triffett D., Diefenbach E., Cunningham A.L. and 
Diefenbach R. J.. Determination of interactions between tegument proteins of herpes 
simplex virus type 1. 
 
 
xv 
Selected Presentations of This Work 
Douglas M.W., Diefenbach R.J., Homa F.L., Miranda-Saksena M., Rixon F.J., Vittone 
V., Cunningham A.L. (2004) Herpes simplex virus type 1 capsid protein VP26 
interacts with dynein light chain RP3 and plays a role in retrograde cellular transport. 
Oral presentation at the Society for General Microbiology 154th Meeting, Bath, UK. 
Douglas M.W., Diefenbach R.J., Homa F.L., Miranda-Saksena M., Rixon F.J., Vittone 
V., Cunningham A.L. (2003) HSV-1 Capsid Proteins Interact with Cytoplasmic 
Dynein: Role in Retrograde Axonal Transport. Oral presentation by R.J. Diefenbach at 
the 28th International Herpesvirus Workshop, Madison, Wisconsin, USA.  
Douglas M.W., Vittone V., Cunningham A.L., Diefenbach R.J. (2003) HSV-1 Capsid 
Proteins Interact with Cytoplasmic Dynein: Role in Retrograde Axonal Transport. 
Poster presentation at the Gordon Research Conference on Viruses and Cells. Il 
Ciocco, Italy. 
Douglas M.W., Vittone V., Diefenbach E., Cunningham A.L., Diefenbach R.J. (2002) 
HSV-1 Proteins Interact with Cytoplasmic Dynein: Role in Retrograde Axonal 
Transport. Poster presentation at the 27th International Herpesvirus Workshop, Cairns. 
Prizes and Awards Relating to this Work 
Australasian Society for Infectious Diseases AstraZeneca Travel Scholarship 2004. 
Australian Virology Group Travel Scholarship 2003. 
Australasian Society for Infectious Diseases Scholarship 2003. 
Thompson Prize 2002: best postgraduate research presentation, Sydney Protein Group. 
Best Poster Prize, Westmead Hospital Research Week 2002. 
xvi 
List of Abbreviations 
aa  amino acids 
APP  amyloid precursor protein 
αTIF  α-trans-inducing factor (HSV-1 protein VP16) 
BSA  bovine serum albumin 
cDNA  complementary deoxyribonucleic acid 
CHAPS 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonic acid 
Da  daltons (unit for molecular mass) 
DHC  dynein heavy chain 
DMSO  dimethyl sulfoxide 
DNA  deoxyribonucleic acid 
DIC  dynein intermediate chain 
DIC 143-267 fragment of dynein intermediate chain spanning amino acids 143-267 
DMEM Dulbecco’s Modified Eagle Medium 
DRG  dorsal root ganglion 
DTT  dithiothreitol 
ER  endoplasmic reticulum 
FCS  foetal calf serum 
gB, gD, etc. Glycoprotein B, Glycoprotein D, etc. (HSV-1 glycoproteins) 
GFP  green fluorescent protein 
GST  glutathione-S-transferase 
HIV  human immunodeficiency virus 
HSV-1  Herpes simplex virus type 1 
HSV-2  Herpes simplex virus type 2 
HVEM herpesvirus entry mediator 
xvii 
ICP  intracellular protein (herpesvirus protein nomenclature, as in ICP4) 
IgG  immunoglobulin, G isotype 
IgM  immunoglobulin, M isotype 
IPTG  isopropyl β-D-thiogalactopyranoside 
KHC  kinesin heavy chain 
KLC  kinesin light chain 
LB broth Luria-Bertani broth 
LIC  light intermediate chain 
MEM  Minimal Essential Medium 
moi  multiplicity of infection 
MTOC  microtubule organising centre 
mRNA  messenger ribonucleic acid 
NGF  nerve growth factor 
nNOS  neuronal nitric oxide synthase 
NPC  nuclear pore complex 
ORF  open reading frame 
PBS  phosphate-buffered saline 
PCR  polymerase chain reaction 
PFU  plaque forming units 
PrV  pseudorabies virus 
rpm  revolutions per minute 
SDS-PAGE sodium dodecyl sulphate-polyacrylamide gel electrophoresis  
TBS  Tris-buffered saline 
UL  “unique long” section of HSV-1 genome 
US  “unique short” section of HSV-1 genome 
xviii 
vhs  virion host shutoff protein 
VP  HSV-1 viral protein, eg VP16 
VP26+  containing the HSV-1 capsid protein VP26 (product of the UL35 gene) 
X-gal  5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside 
 
